Background: Alternative payment models frequently require attribution of patients to individual physicians to assign cost and quality outcomes. Our objective was to examine the performance of three methods for attributing a patient with cancer to the likeliest physician prescriber of anticancer drugs for that patient using administrative claims data. Methods: We used the HealthCore Integrated Research Environment to identify patients who had claims for anticancer medication along with diagnosis codes for breast, lung, or colorectal lung cancer between July 2013 and September 2017. The index date was the first date with a record for anticancer medication and cancer diagnosis code. Included patients had continuous medical coverage from 6 months before index to at least 7 days after index. Patients who received anticancer drugs during the 6 months prior to index were excluded. The three methods attributed each patient to the physician with whom the patient had the most evaluation and management (E&M) visits within a 90-day window around the index date (Method 1); the most E&M visits with no time window (Method 2); or the E&M visit nearest in time to the index date (Method 3). We assessed the performance of the methods using the percentage of the study cohort successfully attributed to a physician, and the positive predictive value (PPV) relative to available physician-reported data on patient(s) they treat. Results: In total, 70,641 patients were available for attribution to physicians. Percentages of the study cohort attributed to a physician were: Method 1, 92.6%; Method 2, 96.9%; and Method 3, 96.9%. PPVs for each method were 84.4%, 80.6%, and 75.8%, respectively. Conclusion: We found that a claims-based algorithm -specifically, a plurality method with a 90-day time window -correctly attributed nearly 85% of patients to a prescribing physician. Claims data can reliably identify prescribing physicians in oncology.
Introduction
Patient-provider attribution is the process of assigning a patient to the providerphysician and/or practice -recognized as the entity most responsible for the patient's medical care and health outcomes. Attribution originated from the methods used by the Centers for Medicare and Medicaid Services (CMS) and private payers to assign patients to primary care providers. [1] [2] [3] [4] Attribution has grown in importance in the current health care environment, where both private payers and CMS have increased the use of alternative payment models that put providers at risk for the costs and outcomes of their patients. 2, 5 These reimbursement strategies rely on payers to identify the provider(s) most responsible for the care of any given patient. 4 Inaccuracies in this identification 
16
Fishman et al ascribe providers with responsibility for patients not actually under their management, which can result in a misalignment of incentives and a lack of fairness when used in value-based payment models. 6, 7 There is currently a dearth of knowledge about attribution in specialty care, especially for individual physicians. The few available studies on provider attribution in cancer care have focused on the assignment of patients to practices rather than to individual physicians. 8, 9 Attribution to individual physicians is important because alternative payment models seek to evaluate physicians on the basis of value. 10, 11 Moreover, physician-level differences in treatment patterns explain a large portion of variation in utilization and spending, even when controlling for the practice or hospital where the treatment takes place. [10] [11] [12] [13] No study, to our knowledge, has described and assessed patient attribution to individual physicians in oncology. The ability to identify a prescribing physician from administrative claims data is especially important because claims data are the most available way to track practice patterns of physicians and link those patterns to their cost implications.
The simplest way to attribute patients to providers would be to assign the administering provider on the index data as the attributed provider; however, this approach is not likely to be accurate for several reasons. First, the index claim for anticancer drugs is sometimes a pharmacy claim, where the prescribing provider is not necessarily listed. Second, even in medical claims, the index administering provider identifier often maps to an institution and not a person, as chemotherapy can be administered in a facility that is separate and independent from the prescriber's practice. A final technical challenge relates to the ability to distinguish among individual physicians within a practice, a difficulty that arises when oncologists cross-cover for one another and sign-off on chemotherapy orders that were chosen by their colleagues. Thus, the correct assignment of cancer patients to practices (or health care delivery systems) may not necessarily lead to accurate attribution of patients to individual physician prescribers; therefore, programs and policies aimed at influencing individual physician behavior need to employ attribution methods that are effective at the individual physician level.
The aim of this study was to characterize different claimsbased methods that identify the prescribing physician for each patient receiving anticancer drugs. As anticancer drugs are a major cost driver in oncology, with significant variation in value across regimens, they are an important locus for improvement in the quality and value of cancer care. 14, 15 These claims-based methods attribute patients to individual physicians, rather than practices or health care systems. The performance of each method was measured as the attributed percentage, which represented the proportion of patients in the study cohort who were assigned a prescribing physician, and by the positive predictive value (PPV) of the attribution relative to the subgroup of patients with available physicianreported data on patient(s) they treat.
Methods

Data source
We used administrative claims data from the HealthCore Integrated Research Environment (HIRE SM ) for information on diagnoses, utilization of cancer treatment, and rendering provider identifiers at the claim line level. The HIRE is a repository of medical and pharmacy claims data for ~40 million members managed by 14 commercial health plans geographically dispersed across the United States.
To validate the claims-based algorithms, claims and eligibility data were linked at the patient level to information reported by physicians through an online portal built especially for an oncology program that enhances reimbursement to prescribing oncologists for care coordination. 15, 16 The physician-reported information included patient name (masked before the data were made available to researchers), date of birth, date of treatment, the prescribed anti-cancer drug regimen, the prescribing physician's National Provider Identifier (NPI), and a number of clinical details unavailable in claims. Physicians identified their patient(s) as part of inputting data into the portal, thus establishing "gold standard" physicianpatient dyads. 6 Physicians needed to report these data in order to identify whether the prescribed regimens would qualify the physicians for enhanced care coordination reimbursement from the 14 participating health plans.
This study was conducted in full compliance with relevant provisions of the Health Insurance Portability and Accountability Act. As researchers only used the analytical file derived from a limited data set to perform the analyses as defined by the Privacy Rule 45CFR 164.514(e), no waiver of informed consent or exemption was needed from an institutional review board. study population, inclusion criteria, and exclusion criteria
We aimed to use claims to identify a set of patients that would approximate the patient population subject to a value-based reimbursement program in oncology. We identified patients who had a claim for an anticancer drug and a claim with diagnosis code for breast, lung, or colorectal lung cancer on 
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Fishman et al the same date of service between July 2013 and September 2017. 17 The first service date with an anticancer medication and a diagnosis for one of the three cancer types was defined as the index date. Anticancer drugs were identified using Current Procedural Terminology (CPT)/Healthcare Common Procedure Coding System (HCPCS) codes included in medical claims and generic product identifier codes included in pharmacy claims data (Supplementary materials, Tables  SA1-SA4 ).
We applied a hierarchical method for patient selection, which facilitated the indexing of patients according to the anticancer drugs they received and linking them with the most identifiable prescribers. First, we identified and selected patients receiving injectable agents. From the remaining patients, we identified and selected those on oral agents (excluding hormonal therapy), and finally, we identified additional patients with breast cancer who received only oral hormonal therapy. We prioritized injected agents because they are generally administered at physicians' offices, hospitals, or special centers and billed under medical, rather than pharmacy, benefits. Many payer initiatives and research studies will be interested in capturing complete anticancer treatment regimens, which often include multiple administrations over weeks or months, rather than a single administration on a single day. 17 To ensure we captured complete regimens, patients were required to have continuous enrollment in medical and pharmacy benefits from 6 months before the index date to 7 days after the index date. 17 We excluded patients who had claims for anticancer therapy in the 6 months prior to index date because we likely did not capture the beginning of their course of anticancer therapy. We additionally excluded patients with multiple cancer types (eg, both breast and lung cancer), because the complexity of their disease profile would make it difficult to discern and associate treatment regimens and cancer types.
attribution of prescribing physicians and patients
We considered three methods for using claims to assign each patient to an attributed physician. The first, shown in the top panel of Figure 1 , is the plurality method with a 90-day time window; the second removes the time window but otherwise 
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Fishman et al is the same as the first method; the third, shown in the bottom panel of Figure 1 , is the nearest visit method. In all cases, providers are identified using the NPI appearing on claims. Each NPI uniquely identifies a provider -a physician or an institution -over time.
In the plurality method (both with and without a time window), the physician appearing on the largest number of claims during a particular time window around the index date is assigned as the attributed physician. 2, 8, 10 In this study, we only considered claims from physicians with codes indicating a specialty in oncology. 4, 8 Oncologists were identified on the basis of CMS specialty codes associated with a given NPI: 82 (hematology), 83 (hematology/oncology), 90 (medical oncology), 91 (surgical oncology), 92 (radiation oncology), 94 (interventional radiology), or 98 (gynecological oncology). We only considered claims that had only CPT/HCPCS codes indicating office visits for evaluation and management (E&M) 2, 4, 8 on the basis of CPT/HCPCS code 99201-99499 on the claim line.
In the first method, the plurality method with a 90-day time window claims contributed to the calculation of a plurality if they had service dates from 30 days prior to index date (date of anticancer therapy initiation) to 60 days after the index date. 18 The second method removed the time restriction. The absence of a time restriction in the second method generated a large number of situations where more than one physician appeared on the same number of claims for a given patient. These "ties" were broken by assigning the physician with a service date closest to the patient's index date as the attributed physician.
In the third method -the nearest visit method -the oncologist appearing on a claim for an E&M office visit nearest in calendar time to the index date is assigned as the attributed physician. The "nearest in calendar time" could be before or after the index date. This method assigns the rendering provider to a patient based on the claim with the smallest absolute difference between the index date and the date of E&M services. In this attribution method, oncologists were identified with the same specialty codes as in the plurality method.
assessing validity of attribution methods
We used two separate measures to validate the attribution methods. The first measure was the proportion of patients in the study cohort who had a prescribing (attributed) physician. This measure is important because researchers and health plans want to be able to maximize the number of patients used to describe and assess physician behavior. The second measure was the PPV, which represents the percentage of patients who were attributed the "correct" prescribing physician, as verified with physician-reported data. A high attributed percentage and a high PPV from our claims-based attribution method would signal strong grounds to apply the claims-based method to patients and physicians who might not show up in the physician-reported data at all.
Because not all physicians reported data through the online portal or participated in the enhanced reimbursement program, only a subset of attributed patients had the opportunity to have their prescribing physician verified. We selected the subgroup of patients who appear in the physician-reported data within ±30 days from their claims-based index date, to ensure that a patient's appearance in the physician-reported data was for the index cancer and the index treatment regimen. For each patient, we retrieved the NPI of the prescribing physician who submitted the data into the portal. (Of the patients appearing in the physician-reported data in this time window, 97% were associated with exactly one reporting physician; the remaining 3% were randomly assigned a single physician from among those reporting on that patient.) Then we compared the physician-patient dyads identified from claims data to the information from the physician-reported data. When the claims-based dyad agreed with the patient-ID/prescribing-provider-ID shown in the physician-reported data, the attribution was considered validated.
To summarize, the denominator for the PPV was the number of patients who 1) received an attributed NPI using the claims-based method under investigation and 2) were represented in the physician-reported data in the period beginning 30 days prior to the index date and ending 30 days after the index date, suggesting the possibility that their attributed NPI could be validated. The numerator for the PPV was the number of patients 1) who contributed to the denominator and 2) whose attributed NPI was the same as the prescriber's NPI in the physician-reported data.
Results
study population
Our queries of the HIRE yielded a total of 141,211 patients with breast, lung, or colorectal cancer who were receiving anticancer treatment during the period of interest. Upon excluding patients who did not meet the health plan enrollment criteria and those who received cancer drugs in the 6 months before the index date, a total of 70,641 patients remained available for assignment to attributed physicians, as shown in Figure 2 . These 70,641 patients constituted the study population for all attribution methods and the denominator for the attributed percentage in the plurality method and Table SB1 ).
Percent of patients attributed to physician
From the study population, 65,379 and 68,440 patients were attributed a prescribing physician for the 90-day window and no time window, respectively, of the plurality method. The resulting attributed percentages were 92.6% and 96.9% (Figure 2) . The nearest-visit method also attributed a prescribing physician to 68,440 (or 96.9%) of patients. The percentage of patients attributed a physician were the same for nearest-visit method as for the second application of the plurality method because neither placed a time restriction on when the oncologist E&M visits could occur in relation to the start of anticancer treatment. 
Of the attributed patients, only a minority appeared in the physician-reported data: 18,312 for the 90-day time window plurality method, 18,887 for the no time window plurality method, and the same 18,887 for the nearest-visit method. These constitute the denominators of the PPVs. Patients included in the PPV calculation had seen a similar number of oncologists, on average, as those excluded from the PPV calculation (Supplementary materials, Tables SB2 and SB3 ).
The respective PPVs for the three approaches were 84.4% (plurality method with 90-day window), 80.6% (plurality method with no time restriction), and 75.8% (nearest-visit method), as shown in Figure 2 . The results did not differ greatly by cancer type (breast, colorectal, and lung) and are shown in Supplementary materials, Tables SC1-SC3.
Discussion
In this study, we examined the relative performance of three methods for attributing a patient to an individual oncologist. Attributing the physician with whom the patient had the most E&M visits in a 90-day period around the start of anticancer treatment resulted in the lowest percentage of the cohort getting an attributed prescribing physician (92.6%), but the highest PPV (84.4%). Eliminating the 90-day time window raised the attributed percentage to 96.9%, but reduced the PPV to 80.6%. Assigning the physician with the E&M visit nearest in time to the start of anticancer treatment further reduced the PPV to 75.8%. Based on the highest PPVs in this study, the plurality method with a time-limited window (relative to the index date) appears to be the most accurate way to identify E&M visits and to identify physicians ordering anti-cancer treatments without significantly affecting the ability to attribute a large proportion of patients. Eliminating the time window appeared to increase slightly the number of patients attributed to a physician, but at the cost of losing accuracy. The nearest-visit method performed worst in terms of accuracy, with no gain in the proportion of patients attributed a physician.
This work should be of value to researchers seeking to identify an index physician in specialty care settings. It should also be helpful to payers that want to determine the viability of payment strategies that depend on assigning patients to a particular physician responsible for their care and outcomes and help to tie the physician's compensation to those outcomes. For attribution to specialists responsible for management of a particular patient, some version of a plurality rule with emphasis on E&M claims, limited to providers with particular specialty codes, is likely to fare better than a method that attempts to find a single claim that provides all the necessary information. It is likely that programs and research that target decision making about physicians would need to use algorithms that are as accurate as possible without excluding too many patients, 7 suggesting a preference for the plurality method with time-limited window.
There is little existing literature assessing the accuracy of individual physician attribution, and a recent review highlighted the importance of clinician attestation in validating attribution methods. 6 This study uses this strategy as a gold standard for validation, specifically employing physicianreported identification of their patients. A report on attribution of cancer treatment episodes to practices (rather than individual physicians) compared two attribution approaches and found 83% concordance, 18 but it lacked a standard against which to evaluate the approaches. Our finding of 85.6% PPV using the plurality method with a 90-day time window compares favorably. An integrated health care organization reported that several of its primary care physician attribution methods were able to assign ~90% of their members to primary care physicians, 19 similar to our 93% attributed percentage in the plurality method with 90-day time window.
Although value-based and other reimbursement models that rely on attribution are most common in primary care, 1 they are increasingly important in specialty care as well. 1, 5, 20 For example, value-based programs focusing on oncology might seek to identify the physician most responsible for managing a given patient's chemotherapy treatment. Such a program could be run separately from any value-based program in primary care. The Oncology Care Model instituted by the CMS pays participating practices a per-patient per-month fee for each patient who starts a course of chemotherapy. Practices qualify for the payments by providing a variety of patient-centered services, some of which are challenging to bill on a fee-for-service basis. 5 One of the strengths of this study is that we have "gold standard" 5 data on patients whom the prescribing physicians themselves reported as their patients, against which to test our claims-based attribution method. 6 This gold standard covers only physicians who enter information into a portal set up for a specialized oncology reimbursement program, not all physicians reimbursed by the participating 14 health plans. More generally, other payers, including CMS, do not have access to this type of physician-reported data. Such a gold standard was not available to a prior study of specialty attribution. 17 As a consequence, a generalizable value-based payment system will have to rely primarily on claims data, 
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Fishman et al underscoring the value of the claims-based attribution algorithms we have presented. 2, 4 limitations Cohort exclusion criteria reduced the size of the cohort from 141,211 to 70,641. Although exclusions of this magnitude are not unusual in studies of chemotherapy regimens, 21 they potentially limit the study's generalizability. The largest excluded group was that of patients who had a claim for chemotherapy before the index date. These patients were mostly those identified near the beginning of the intake period. We found no significant differences between the characteristics of excluded patients and those of included patients.
Another limitation is that the patients who appear in the physician-reported data might differ from the larger target cancer population. We found that the average number of separate oncologists seen by the patients found in the physician-reported database was similar to the average number of oncologists seen by attributed patients not found in the physician-reported database, suggesting that the accuracy of the attribution methods (ie, the PPV) is likely to be similar across the two groups.
Another limitation is that our results must be viewed against some of the inherent deficiencies of claims data including miscoding and associated inaccuracies. However, these deficiencies would be faced by any payer trying to implement a value-based payment model at scale, and by any researcher working with claims data.
Conclusion
With the growth in programs rewarding participating physicians with incentives for prescribing evidence-based and guideline-driven treatment regimens, there will be a greater need for the accurate attribution of patients to the physicians directing a majority of their care. This study found a claims-based algorithm -the "plurality method" -that attributed over 90% of patients to a prescribing physician, doing so with about 85% accuracy, suggesting that claims data can be used reliably to identify prescribing oncologists.
